We report the experimental observation and numerical simulations of a polarization instability of spatial vector solitons in an AlGaAs slab waveguide. At power levels where the nonlinear index change becomes comparable to the birefringence, the fast soliton becomes unstable. The instability is related to coupling of the fast soliton to the slow radiation modes through phase matching. The combined effects of bifurcation and radiation coupling are the processes ultimately limiting the stability of any single-polarization (fast and slow) Kerr soliton.
INTRODUCTION
In materials that exhibit the optical Kerr effect, where the nonlinear index change is proportional to the irradiance (⌬n ϭ n 2 I), optical fields localized in space (beams) or time (pulses) can self-trap due to an optically induced positive index change. 1 In a situation where the nonlinear effect exactly balances the diffraction (in the spatial case) or dispersion (in the temporal case), optical solitons exist, resulting in propagation without change of shape. 2 Solitons have received a great deal of attention due to their unique physical properties and a number of novel applications, such as long-haul data transmission in optical fibers or light-induced, reconfigurable waveguide structures that become possible. One of the main reasons for the interest in solitons is their remarkable stability, which leads to a particlelike behavior. 3, 4 It is also well known that in the Kerr case a single component soliton is stable only in (1 ϩ 1)-dimensional systems. Typical examples of such systems are fibers, where the two dimensions are the retarded time and the propagation direction, and slab waveguides, where they are the two spatial in-plane dimensions. In (2 ϩ 1), or higher, dimensional geometries, solitons collapse in Kerr media. 5 In this paper we deal with planar waveguides, which are essentially a (1 ϩ 1)-dimensional problem; thus the problem of collapse does not appear.
It is remarkable that in the Kerr case the scalar nonlinear problem in (1 ϩ 1) dimensions is integrable. 2 Solitons in such systems are nonlinear modes of the nonlinear system, and they do not exchange energy either in collisions with each other or in the process of interaction with radiation. 2, 4 If we perturb the integrable model changing the nonlinearity or take into account birefringence or other physical phenomena, then the system becomes nonintegrable and soliton collisions become inelastic. The solitons now not only exchange energy during collisions but also lose part of their energy into radiation modes. At the same time, it is less known that not only collisions lead to energy losses but even a single soliton may lose energy during propagation due to interaction with radiation modes. This happens due to the possibility of coupling between the soliton and the radiation modes.
A very well known example of such process is soliton propagation in fibers with higher-order dispersion. 6 In this case, the wave numbers of the linear dispersive waves extend into the region where solitons exist, and due to phase-matching conditions the solitons can interact with radiation and emit small-amplitude linear waves. Another example is the soliton propagation in birefringent media. 7 The difference between the refractive indices of the two polarization components results in the beating between the two components, and the soliton has slow oscillations that contribute to the phase matching between the soliton and the radiative waves. The energy exchange becomes possible, and as a result the soliton loses part of its energy. This process has been numerically investigated in detail in Ref. 7 , and analytical calculations for a similar case such as soliton propagation in a nonlinear directional coupler have been done in Ref. 8 . We should note that, even without interaction with radiation, stability properties of vector solitons in birefringent media are quite involved. [9] [10] [11] [12] What is important for us in the present paper is that, due to the interaction with radiation waves, the soliton may become unstable, having an instability growth rate that is usually complex. In the case of third-order dispersion, the radiation phenomena are ''beyond all orders '' 6 and hardly could be observed experimentally. However, in the case of birefringent media, the perturbation, due to the energy-exchange terms in the propagation equation, is not small at high-enough powers (even if the linear birefringence is small), and radiation may be appreciable, causing the soliton instability, which therefore could be observed experimentally. In the present paper we report, for the first time to our knowledge, an experimental observation of soliton instability, caused by the interaction with radiation modes.
The rest of the paper is organized as follows. In Section 2 we present the theoretical background for beam propagation in Kerr birefringent slab waveguides, in Section 3 we describe our numerical simulations and some numerical results, and in Section 4 we show our experimental results that are then compared with the numerical ones. Finally, Section 5 contains our main conclusions.
THEORETICAL BACKGROUND
In many cases, soliton propagation can be treated as a scalar problem where the evolution of the field is described by a single nonlinear Schrödinger equation. 2 In optical fibers, and especially in planar waveguides, this approach must be generalized due to the presence of linear birefringence. In standard fibers there exists a residual birefringence, which is mainly due to small deviations from the cylindrical symmetry and is generally weak. It typically changes with distance in a nondeterministic manner so that it can be treated as a random perturbation of an otherwise isotropic system. For making polarization-preserving fibers it is necessary to introduce artificially asymmetry in the core fiber in order to have well-defined polarization states.
For slab waveguides, even those made from isotropic media, there is a relatively large structural birefringence between the TE (polarized in the plane, x) and TM (dominant polarization orthogonal to the plane, y) polarized eigenmodes. When the index difference between the high-index film and the bounding media is small (polarization beat length Ͼ 0.1 mm), the case here, the z-polarized field component for TM can be neglected. In this case with well-defined birefringence, the vector nature of the electromagnetic wave needs to be taken into account, and the system has to be described by a set of coupled nonlinear Schrödinger equations for the amplitudes along both birefringent axes. They are
Here, the normalized coordinates are ϭ kz and ϭ kx, where z is the direction of propagation, x is the transverse coordinate, k is the average propagation constant, and the asterisk denotes complex conjugate. The functions u and v are the normalized amplitudes along both birefringent axes (parallel to x and y, respectively),
n and n 2 are the linear and nonlinear refractive indices in the medium, and d eff is the effective height of the slab waveguide, all defined for the appropriate polarization.
The normalized birefringence ␤ is given by
where k x and k y are the waveguide propagation constants for the two modes polarized along x (TE mode) and y (TE mode), respectively. The Kerr nonlinearity, the magnitude of which is given by n 2 , is further characterized by the parameters A, B, and C. Here C describes the anisotropy of self-phase modulation, A is the ratio of cross-phase to self-phase modulation, and B is the ratio of four-wave mixing to selfphase modulation [last term in Eqs. (1)]. B couples energy between the two polarizations. The values of the coefficients A, B, and C are determined by the characteristics of the medium. In optical fibers, B ϭ 1 Ϫ A, A ϭ 2/3, and C ϭ 1. For this set of parameters three one-parameter families of solitons exist. In addition to two families of solutions linearly polarized along the fast and slow axes, respectively, a branch of elliptically polarized solitons emerges at power levels above the critical one. 9 In semiconductor planar waveguides the coefficients have different values, and this leads to more complicated bifurcation patterns. Two additional nontrivial solutions of Eqs. (1) that possess a mixed polarization have been identified. 13 The polarization instability of the fast soliton in fibers has been discovered numerically in Ref. 14. In particular, the symmetry-breaking soliton instability has been investigated theoretically in Ref. 15 and generalized to the case of solitons in planar waveguides in Ref. 16 . However, it was found in Ref. 7 that there are two different physical reasons for the instability of solitons in birefringent media. First, it is the appearance of the modes with mixed polarization that causes the fast (and slow) solitons to be unstable above a certain threshold. Second, even in the absence of the branches with mixed polarizations, fast solitons are unstable due to radiation phenomena. 7 The reason why the fast solitons are unstable at power levels below the bifurcation point is the coupling to radiation fields. Namely, perturbations of the fast soliton oscillate around zero so that the fast soliton oscillates around its average shape. These oscillations along the propagation direction induce a periodic grating on top of the soliton. As a result, phase-matching conditions in the longitudinal direction can be fulfilled, and the soliton couples to orthogonally polarized radiation fields through the grating. As is well known, the phase matching in the transverse direction for narrow sources is not required when the width of the beam is comparable to or smaller than the wavelength. The narrower the beam, the stronger is radiation. In this sense the phenomenon is similar to the surface-emitted second-harmonic generation. In our case, the higher the soliton power, the larger is its angular spectrum because the soliton becomes narrower, and therefore the more likely is its coupling to radiation modes. This instability has a complex exponent in the decay factor, 7 and its growth rate is the real part of this exponent. Numerical calculations below correspond to this real part.
Experimentally, the instability of the fast temporal soliton in fibers related to the symmetry breaking has been studied in Ref. 17 . This instability also occurs in fiber lasers, 18 but in that case it is even more complicated due to the presence of nonconservative effects. Instabilities related to radiation have not been studied experimentally before, either in the temporal or in the spatial case.
Another interesting fact is that, in semiconductor waveguides, symmetry-breaking bifurcations occur from both (TE and TM) branches of orthogonally polarized solitons, with two new eigensolutions emerging, which are el- liptically and linearly polarized, respectively. 19 The bifurcation points on these branches are located at different power levels depending on the actual values of the parameters A, B, and C. In this case, even the slow soliton becomes unstable but at a different (usually higher) threshold power. As we show in Section 3, for the slow soliton, only the symmetry-breaking instability takes place but not the one related to radiation.
Hence planar waveguides have soliton features that are absent in fibers, and they therefore deserve special attention. The existence of two new soliton branches has been confirmed theoretically for the particular case of anisotropic cubic media that include semiconductor materials such as GaAs, AlGaAs, or InSb in Ref. 20. 
NUMERICAL SIMULATIONS
Equations (1) can be further simplified with the following rescaling that allows us to eliminate one parameter, ␤:
With the above change of variables and assuming that ␤ is negative, the propagation equations become
We study the stability of the solitons linearly polarized along the fast and the slow axes using the linearization method that is analogous to the case of low-birefringent fibers (see details in Ref. 21) . Figure 1 (a) presents the numerical results obtained from linear-stability analysis. Namely, it shows the largest instability growth rate versus Q/ͱ͉␤͉, where Q is Q ϭ ͐ Ϫϱ ϱ (͉u͉ 2 ϩ ͉v͉ 2 )d. Similar results were obtained for slightly different values of the parameters A, B, and C. Namely, both types of solitons are unstable just above its corresponding bifurcation point. In addition, the instability related to radiation appears at power levels below the bifurcation point for the fast solitons. Figure 1(b) shows the slow component of the eigenfunction of perturbation with the largest growth rate associated with the fast soliton, which is also plotted in the figure, for Q/ͱ͉␤͉ ϭ 4, i.e., in the region below the bifurcation point. The perturbation oscillates around zero and is much broader than the fast soliton, anticipating what will be the actual behavior of these solitons on propagation, i.e., that small dispersive waves will be emitted from the center of the soliton as we show from the numerical solution of Eqs. (4) . Note that the eigenfunction of perturbation associated with the fast soliton does not have the fast component. Figure 2 illustrates the evolution of (a) a fast soliton and (b) a slow soliton slightly perturbed as they propagate along the waveguide. Namely, we used as input the following:
Their corresponding energy is in both cases Q/ͱ͉␤͉ ϭ 4; thus we are below the bifurcation point. Clearly the slow soliton is stable, whereas the fast one is not. Part of its energy is transferred to the TE component, and in this process much of its energy is radiated away. (The pulse profiles are symmetric around ϭ 0; thus what we observe in the right part of the beam happens also in the left part, which is only partially plotted.) The importance of the radiation emission is clearly demonstrated in Fig. 3 , which shows the energy contained in the main beam versus the propagation distance. Initially all the energy is contained in the main beam, and it remains there when the input beam is a slow soliton, but it decreases quickly during propagation if the input is the fast soliton. On the other hand, Fig. 4 shows the beam profiles at different propagation distances, namely, at Z ϭ 0 (continuous curve), 10 (dotted curve) and 20 (dashed curve) in a y-logarithmic scale. In total agreement with the perturbation analysis the slow component acquires a larger pedestal than the fast component that broadens and grows on propagation; i.e., radiation is mainly emitted initially in the slow mode. In Section 4 we compare the experimental results with numerical ones. In order to have an idea of the correspondence between the physical units and the adimensional ones, let us take typical values d eff ϭ 1.8 ϫ 10
Ϫ4 cm, n 2 ϭ 1.5 ϫ 10 Ϫ13 cm 2 W, and ␤ ϭ Ϫ8.5 ϫ 10 Ϫ5 . Then, for ϭ 1.57 we get for the power
thus Q/ͱ͉␤͉ ϭ 1 corresponds to a power P Ϸ 300 W, a sample length of 1.
and a beam width of 1.8 m corresponds to X w ϭ ͱ͉␤͉ w Ϸ 1.8.
EXPERIMENTAL RESULTS
Experimentally, the principal problem in studying instabilities in Kerr slab waveguides is to identify a material system in which the response is truly Kerr. In addition, the birefringence should be small enough and the Kerr coefficient large enough that instabilities will occur before the damage threshold is reached. In our experiment we used the half-bandgap nonlinearity of AlGaAs. The samples were grown by molecular-beam epitaxy on a GaAs substrate. The refractive-index tuning required for defining the waveguide structure was achieved by changing the Al/Ga ratio. The lower cladding layer was 4 m thick and consisted of Al 0.24 Ga 0.76 As (n ϭ 3.325 at 1550 nm).
The highindex waveguide core was 1.5 m thick and consisted of Al 0.18 Ga 0.82 As. Finally, the upper cladding was a 1.5-mthick layer of Al 0.24 Ga 0.76 As (n ϭ 3.336 at 1550 nm). Slab waveguides, 15 mm long, were cleaved from the wafer. The effective thickness of the resulting waveguide 
response is effectively Kerrlike (for photon energies just below one half of the semiconductor bandgap), with n 2 ϭ 1.5 ϫ 10 Ϫ13 cm 2 /W, A Ϸ 1, B Ϸ 0.5, and C Ϸ 1. 17 For the given waveguide structure, this results in n 2 eff ϭ 1.5 ϫ 10 Ϫ13 cm 2 /W. In such samples, singlepolarization, Manakovlike, and vector solitons have all been observed under appropriate conditions. 19, 20, 22 The typical birefringence of such samples was Ͼ10 Ϫ3 , which results in the critical power required for the observation of instabilities approaching the damage threshold of the samples.
Due to its cubic crystal symmetry, bulk AlGaAs exhibits no material birefringence. In molecular-beam-epitaxy grown AlGaAs waveguides such as the one used for this experiment, the value of the birefringence has been known to differ considerably from the structural waveguide birefringence due to stress induced by the growth process. The effects of the instability scale with the value of the waveguide birefringence; therefore a measurement of this parameter is crucial for the evaluation of the experimental results.
We measured the birefringence by launching a linearly polarized low-power input beam with a varying angle of the launch polarization to the TE axis and by analyzing the polarization state at the waveguide output as a function of wavelength. The setup is shown schematically in Fig. 5 . A continuously tunable color-center laser (Burleigh FCL-120) was used as a light source, and the input polarization was varied by use of a half-wave plate. At the waveguide output, an analyzer at 45°to both the TE and TM axes was used in front of a detector. Special care was taken so that the only wavelength dependence of the experiment arose from the sample itself.
The birefringence-induced phase delay ⌫ between the TE and TM depends on the sample length L, the birefringence n x Ϫ n y , and the wavelength :
The different values of ⌫ result in varying transmission as a function of the angle of the input polarization with the wavelength axes. Figure 6 shows the transmission as a function of half-wave-plate angle ⍀ for two wavelengths, with and without the sample. Measurements were performed at a number of wavelengths in order to avoid any ambiguity in the value of ⌫ with respect to multiples of 2. Neglecting the wavelength dispersion of the birefringence, we found n x Ϫ n y ϭ 5.5 Ϯ 1.0 ϫ 10 Ϫ4 , which is considerably higher than the calculated structural birefringence for this waveguide configuration (n x Ϫ n y ϭ 1.5 ϫ 10 Ϫ4 ). This yields ␤ ϭ Ϫ8.5 ϫ 10 Ϫ5 . The experiments for the polarization instability were performed with a lithium triborate based optical parametric generation/amplification system with a 10-Hz repetition rate and an idler wavelength of 1.57 m, pumped at 0.532 m with a doubled Nd:YAG laser with a subsequent regenerative amplifier. Pulse lengths were of the order of 20 Ϯ 5 ps, with up to 1.2 J of energy. The system operated below the saturation point for the parametric process and had a shot-to-shot rms stability of Ϯ30%.
The experimental setup is shown in Fig. 7 . The launch power was varied with a half-wave-plate/polarizer combination, which was operated by a stepper motor. A second half-wave plate was used in order to control the polarization state with which the soliton was launched. The crossed-polarizer transmission was 2 ϫ 10 Ϫ4 . However, with the sample present in the setup, the best extinction ratio decreases to 2 ϫ 10 Ϫ3 for both input polarizations due to waveguide imperfections so that, during launch and propagation, 0.2% appears in the crossed polarization. This acts as a seed for the polarization-conversion process. The beam was then resized, and a cylindrical telescope was used to form an elliptical in-coupling spot, thus launching solitons ϳ12 m wide (ellipticity 1:8). For solitons of width 12 m, the present sample is roughly ten diffraction lengths long, and the soliton peak power is Ϸ500 W. The beam was coupled into the guide with a 40ϫ microscope objective. The output was imaged by a 10ϫ microscope objective; TE and TM components were separated by a second polarizing beam splitter and imaged onto a camera, or a detector. Each detector was calibrated and read out with boxcar integrators, and the signal was averaged over 10 pulses. In Fig. 8 , a horizon- tal line scan of the input spot and the soliton at the end of the waveguide is shown, together with the theoretical curve for the (diffracted) low-power beam at the end of the sample. Also, an image of the soliton near field at the waveguide end face is shown.
In order to investigate the stability of vector solitons in this system, we launched solitons that were linearly polarized along the x and y axes, respectively (i.e., TE and TM polarized) by selecting the proper angle for the halfwave plate before the polarizer. We then changed the power launched (keeping the beam width at 12 m) by rotating the half-wave plate before the polarizer. Note that although input beams with powers below or above 500 W do not couple directly at the input to solitons, they generate solitons after some propagation by trade-offs between the peak power and the width. 23 With no polarization instability present, the fraction of the output light in the polarization orthogonal to the one launched (referred as the ''weak'' polarization as opposed to the ''strong'' polarization launched) should be constant. It cannot, however, be expected to be zero due to a finite amount of leakage through the polarizer and stray scattering. Prior to using this setup for actual measurements, we carefully calibrated the measurement system in order to ensure that there was no power dependence in the transmission of either polarization.
We took images of the soliton launched into the waveguide with an IR-sensitive camera and a frame grabber. Figures 9(a) and 9(b) show our results for TM and TE solitons launched respectively: At low powers, there is considerable uncertainty in both the weak and the strong signals due to the low signal levels and consequently the ratio of weak/strong fluctuates strongly at low powers. At higher power levels, for the slow mode (TE), the relative amount of light polarized orthogonal to the launch direction is constant, independent of launched power. For the fast mode (TM), an increasing amount of light is coupled to the orthogonal polarization with increasing input power, indicating an instability of this mode. Figure 10 shows the numerical results for the simulation of the above experiment for cw input beams. There is good qualitative agreement with the results of the experiment, which show that the TE mode is stable and the TM mode unstable. We did not perform a detailed analysis of the data and direct comparison with theory because of the large uncertainties in the laser's shot-to-shot peak power and in the birefringence. The waveguide-coupling efficiency makes the exact location of our experiments in Fig. 1 unknown to a factor of at least 50% and because for most of the power range investigated the pulsed beams launched have to first evolve into solitons with propagation distance. However, it is noteworthy that the anomalous distribution in the noise in the data for TE/TM, i.e., always to the high conversion side, is characteristic of exponential-gain processes in which a small increase in power produces greatly increased polarization conversion.
CONCLUSIONS
We have experimentally observed and theoretically analyzed the radiation-related polarization instability of spatial vector solitons in Kerr media. Fig. 10 . Theoretical irradiance ratio of weak to strong polarization versus total guided power for a TM (dotted curve) and TE (dashed curve) Gaussian beam launched into the waveguide. The power region that is not achievable in the experiment is shown in gray.
